Perovskite-type manganite has attracted much attention as a promising candidate for ferromagnetic electrodes in the magnetic tunneling junction (MTJ), as it features highly polarized conducting electrons around the Femi surface and high Curie temperature. 6, 7 Since the tunneling magnetoresistance (TMR) are dominated by the electrons tunneling through a thin insulating layer between two manganite layers, the ultrathin interface region of manganite layers with a thickness of several unit cells (u.c.) was found to be crucial to the performance of the MTJs. 8 A lot of works have shown that the interface region of manganite exhibits essential deviations from the bulk in both crystal and electronic structures, [9] [10] [11] [12] such as strain-induced structure distortion 13 and spin canting. 14 In particular, the presence of a so-called "dead layer" when the thickness of manganite films drops down to a certain value leads to the decrease of spin polarization and the depression of magnetic and transport properties. 15 More recently, the ultimate photo-voltage in manganite-based heterostructures with a critical film thickness was discovered, 16 which indicates that more intriguing properties may yet not be exposed, especially in the ultrathin films of perovskite oxides. In this paper, we present a systematic investigation on the structural and magnetic properties of the La 0.9 Sr 0.1 MnO 3 (LSMO) films with the thicknesses varying from several hundred to 6 u.c. to provide more insight into the physics of the interface region of manganite. Oxygen vacancies around the surfaces are found much more than those close to the interfaces in the ultrathin films, which can be greatly complemented by post anneal in oxygen with a significant enhancement of the Curie temperature and saturation magnetization. The highest Curie temperature (up to 325 K), much higher than the bulk value ($140 K), is found in the annealed films with the thickness of 50 u.c. These results will promote the understanding on the crucial influence of oxygen vacancies and interfaces on the fundamental physics and the functionality of manganite ultrathin films.
La 0.9 Sr 0.1 MnO 3 films were deposited on singlecrystalline substrates of SrTiO 3 (001) (STO) at 650 C with the oxygen pressure of 5 Â 10 À2 Pa by a laser molecular beam epitaxy system using a XeCl excimer laser (wavelength of 308 nm, pulse width of 20 ns, energy density of 2 J cm À2 , repetition of 2 Hz). The epitaxy and thicknesses of the LSMO films were monitored by in situ reflective highenergy electron diffraction. The crystal structure was identified by high-resolution Synchrotron X-ray diffractometry by the BL14B1 beam line of Shanghai Synchrotron Radiation Facility (SSRF), using a 1.24 Å X-rays with a Huber 5021 six-axis diffractometry. The results from the synchrotronbased X-ray diffraction (SXRD) indicate that the c-axis lattice constant of our LSMO films decreases from 4.00 to 3.93 Å with the film thickness decreasing from 200 to 10 u.c. Annular-bright-field (ABF) imaging was executed using an ARM-200F (JEOL, Tokyo, Japan) scanning transmission electron microscope (STEM) operated at 200 kV with a CEOS Cs corrector (CEOS GmbH, Heidelberg, Germany) to cope with the probe-forming objective spherical aberration. The attainable resolution of the ABF imaging is better than 80 pm to resolve individual oxygen atomic column with an illumination semiangle of 25 mrad and the corresponding collection angle of 12-25 mrad. Since the contrast of ABF micrograph is proportional to Z 1/3 and is extremely sensitive to light atoms, oxygen vacancies can be detected at atomic scale, which is of great difficulty to achieve via other methods. The magnetic field was applied along the film surfaces during the measurements of magnetic properties in the physical property measurement system (Quantum design) with a vibrating sample magnetometer. The hysteresis loops (10 K) and temperature-dependent magnetization (200 Oe, field cooling) of the as-grown films were shown in Figures 1(a) and 1(b), respectively. The Curie temperature (T C ) and saturation magnetization (M S ) at 10 K of these films deduced from Figures 1(a) and 1(b) were plotted in Figure 1 (c). Here, T C is defined as the temperature where (dM/dT) reaches the extremum, and M S is defined as the magnetization under the magnetic field H of 10 kOe. The relatively small T C and unusually large c-axis lattice constant, compared to the typical values of about 140 K and 3.87 Å for the La 0.9 Sr 0.1 MnO 3 bulk, respectively, 12, 17 can be related to the existence of the interface effect and oxygen vacancies in these films, which is quite common for the oxygen pressure we employed during deposition. 18 The decrease of the c-axis lattice constant with the decreasing thickness of LSMO films should be ascribed to the less oxygen vacancies in the thinner LSMO films due to the extraction of oxygen from STO substrates around the interface, which is supported by the aberration-corrected STEM results showing few oxygen vacancies existing at the interface region of the LSMO films. The strain caused by the lattice mismatch of LSMO and STO should also play a certain role in this phenomenon. Both T C and M S decrease monotonously while the film thickness varies from 200 to 8 u.c., and the magnetic moment of the ultrathin films with the thickness of 6 u.c. cannot be distinguished from the environment in the physical property measurement system. This decay in T C and M S can be attributed to the strain effects at the interface 19 and structure distortion, 13 since it was proposed that the decay in T C and M S was induced by the stretched Mn-O bonds 20 and the spin canting 14 around the LSMO/STO interfaces, respectively, due to the tensile strain from STO substrates.
It has been reported that oxygen vacancies can shift the valence band and lower the spin polarization and conductivity of manganites, [21] [22] [23] which would usually jeopardize their applications in functional devices. Recent progress in aberration-corrected electron optics has significantly enhanced the performance of electron microscopes, enabling identification of individual light atoms such as oxygen. 24, 25 To investigate the crucial role played by oxygen vacancies in the LSMO films, we exploited an aberration-corrected ABF imaging technique. Figures 2(a)-2(c) display the crosssectional ABF micrographs of the LSMO film with the thickness of 16 u.c. taken by an aberration-corrected STEM, while Figures 2(d)-2(f) show the corresponding line profiles along the Mn-O-Mn chains (the dark cyan bars) in Figures  2(a)-2(c) , respectively. From the line profiles of the ABF micrographs in Figure 2 , oxygen vacancies at the Mn-O-Mn chains were found to undertake a drastic concentration distribution along the growth direction, in which oxygen vacancies existing around the surfaces are much more than those close to the interfaces. The sufficiency of oxygen at the interface region of LSMO film should come from the fact that some oxygen ions were extracted from the STO substrate. Since there exist few oxygen vacancies at the interface region of LSMO, it can be well understood that the decrease of the c-axis lattice constant with the decreasing thickness of the LSMO films should be attributed to the less oxygen vacancies in the thinner LSMO films, which is confirmed by the comparison among the ABF images of the LSMO films with different thicknesses. Since the existence of oxygen vacancies was found to distort the lattice and suppressed the magnetization of manganite films, we argue that the dead layer would be thicker with more oxygen vacancies, which indicates that the dead layer is also thicker at the surface, compared to that at the LSMO/STO interface.
In order to reduce the oxygen vacancies in these asgrown films, a treatment of annealing in oxygen atmosphere at 900 C for 4 h was applied to each sample. The SXRD results show that the c-axis lattice constants of the LSMO films can be markedly tuned from larger than that of the STO substrates to smaller by the annealing treatment, which is in accordance with the above conclusion that the unusually large c-axis lattice constant is due to the existence of oxygen vacancies in the as-grown films. The smaller value of the c-axis than that of the bulk for thinner films after annealing should be caused by the stress from the larger constant in STO substrate. Since it was found in previous works 18, 26 that the c-axis lattice constant varied with the alteration of the oxygen content in manganite films, the annealing process we performed can greatly compensate the oxygen vacancies in the as-grown films, leading to a contraction of the lattice and variation of strain states in LSMO films. The annealing of manganite films has been reported to affect both the magnetic 15, [27] [28] [29] and magnetoelectric transport 10, 28 properties significantly due to the lattice distortion and reconfiguration of magnetic domains. Figures 3(a)-3(c) , respectively. The same distribution trend of oxygen vacancies along c axis as that in the as-grown LSMO film shown in Figure 2 was also found in the annealed film shown in Figure 3 , whereas many of the oxygen vacancies inside the LSMO films and around the surfaces have been complemented, as revealed from comparison of the ABF images of the as-grown film shown in Figure 2 and the annealed film shown in Figure 3 . The distribution of oxygen vacancies along c axis in both the as-grown and annealed films is of vital importance for the physical nature and suggests the application potential of LSMO ultrathin films. 31 Figures 1(d) and 1(e) display the hysteresis loops (10 K) and temperature-dependent magnetization (20 Oe, field cooling) of the annealed films. Compared with the results of the as-grown films in Figures 1(a) and 1(b) , the much larger T C and M S of the annealed LSMO films suggest that the annealing process can effectively increase the oxygen content and enhance the double-exchange interactions between Mn 3þ and M 4þ in the LSMO films, while the smaller coercivity suggests that the contraction of the lattice induced by the annealing process can change the strain state and facilitate the rotation of the magnetization in LSMO films. It is noticeable that the higher T C of the annealed films than that of the bulk is a very important advantage for spintronics applications. In our experiment, higher annealing temperature can facilitate the complement of oxygen vacancies and improve the magnetic properties of LSMO film, but no significant improvement was found when it exceeded 900 C. The T C and M S of these annealed films deduced from Figures 1(d) and 1(e) were plotted in Figure 1(f) . It can been seen that both T C and M S become larger with the thicknesses of the annealed LSMO films decreasing from 200 to 50 u.c. but vary conversely with further decrease of the thicknesses for annealed LSMO films. We think there are two main factors that influence the variation of the T C and M S . One is the interface effect that becomes more pronounced as the films become thinner, the other is the effect of complementing oxygen vacancies through the annealing treatment that becomes more difficult as the films become thicker. Therefore, the interface effect lowers the T C and M S with the decreasing film thickness, while the complement of oxygen vacancies leads to the opposite trend. The critical thickness of about 50 u.c. in Figure 1(f) , with different variation trends of the T C and M S below and above it, indicates that the influence from the interface seems to dominate in the annealed films with their thicknesses below 20 u.c., whereas the effects of complementing oxygen vacancies through annealing treatment dominate in the annealed films with their thicknesses above 50 u.c. The highest Curie temperature (up to 325 K), much higher than that of 140 K reported for LSMO bulk, 12 was obtained in the annealed LSMO films with the thickness of 50 u.c. as shown in Figure 1(f) . Such high T C in LSMO films means a ferromagnetic device can work at room temperature. A maximum of M S was also obtained in the LSMO films with the thickness of 50 u.c. as shown in Figure 1(f) . Moreover, the ferromagneticparamagnetic phase transition still exists in the annealed LSMO films with the thicknesses lower than the reported critical thicknesses of the dead layers in previous works 15, 27 with the values from several to tens of nanometers; whereas no detectable sign of ferromagnetism was observed in the ultrathin films with the thickness of 6 u.c. in our experiments. Several series of manganite films were grown and annealed, and the variation trends of the T C and M S were measured to be repeatable.
In conclusion, we systematically studied the structural and magnetic properties of LSMO ultrathin films with their thicknesses varying from 200 to 6 u.c. and found that the oxygen vacancies around the surfaces were much more than that close to the interfaces. Many of the oxygen vacancies inside the LSMO films and around the surfaces are complemented by annealing the as-grown samples in oxygen atmosphere. It was also found that the annealing treatment could induce a contraction of the lattice and variation of the strain states in LSMO films and significantly enhance T C and M S by complementing the oxygen vacancies in LSMO ultrathin films. The highest Curie temperature and the maximum of the saturation magnetization were obtained in the annealed LSMO films with the thickness of 50 u.c. (about 20 nm).
Such a high T C of LSMO films (up to 325 K), much higher than that of 140 K reported for the LSMO bulk, means a ferromagnetic device can work at room temperature. Our results strongly demonstrate that the interface effect and oxygen content play crucial roles for the intriguing properties of the ultrathin LSMO films, which could be further exploited for advanced functional devices based on ultrathin films of perovskite-type oxides.
